Capsaicin increases the permeability of blood vessels in the rat tracheal mucosa through a mechanism involving the release of tachykinins from sensory nerves. This capsaicin-induced increase in vascular permeability is potentiated by viral infections of the respiratory tract. The present study was done to determine whether this "neurogenic plasma extravasation" can be inhibited by glucocorticoids, to learn the time course of this inhibition, and to determine whether glucocorticoids can prevent the potentiating effect of viral respiratory infections on neurogenic plasma extravasation. Groups of pathogen-free F344 rats were treated with dexamethasone for 2 or 8 h (4 mg/kg i.p.) or for 48 or 120 h (0.5-4 mg/kg per d i.p.). Another group of rats was treated with dexamethasone for 120 h following the intranasal inoculation of Sendai virus. The magnitude of plasma extravasation produced by capsaicin or substance P was assessed after this treatment by using Monastral blue pigment and Evans blue dye as intravascular tracers. We found that dexamethasone reduced, in a dose-dependent fashion, the magnitude of plasma extravasation produced in the rat trachea by capsaicin and substance P. Significant inhibition was produced by a dose of dexamethasone as small as 0.5 mg/kg i.p. The effect of dexamethasone had a latency of several hours and reached a maximum after 2 d of treatment. Furthermore, dexamethasone prevented the potentiation of neurogenic plasma extravasation usually present after 5 d of Sendai virus respiratory infection. (J. Clin.
Introduction
Stimulation of sensory nerves releases neuropeptides (particularly tachykinins) that increase the permeability of venules of the tracheobronchial microvascular bed, thereby producing plasma extravasation (1) . The magnitude of this neurogenic plasma extravasation has been shown to be abnormally large in rats with high serologic titers to common respiratory pathogens (Sendai virus, rat coronavirus, and Mycoplasma pul-monis) (2) (3) (4) . Recently, we reported that rats with acute Sendai virus respiratory infections alone also have a potentiation of neurogenic plasma extravasation (5) .
Glucocorticoids are known to suppress the biological effects of several inflammatory mediators (6) and can prevent the mediator-induced increase in tracheal vascular permeability (7) . However, contradictory data have been reported about the effects of glucocorticoids on the response of the tracheobronchial microcirculation to neuropeptide mediators: glucocorticoids are reported to decrease (3) , have no effect on, or even to potentiate neurogenic plasma extravasation (8, 9) .
In this study, we investigated whether glucocorticoids inhibit neurogenic plasma extravasation in the trachea ofrats. In addition, we sought to learn whether glucocorticoids can prevent virus-induced potentiation of neurogenic plasma extravasation.
To achieve our goals, we pretreated rats with dexamethasone for various periods before giving an intravenous injection of capsaicin, a drug that is known to release peptides from certain types of sensory nerves and thereby evoke neurogenic plasma extravasation (10) . We also examined the effect of dexamethasone on the action ofexogenous substance P, which is thought to be one of the mediators of neurogenic plasma extravasation (1 1). The effect of dexamethasone on virus-induced potentiation of neurogenic plasma extravasation was examined in rats in which Sendai virus infections were produced by intranasal inoculation (5) . Changes in the permeability of the tracheal microvasculature were measured by using two tracers with different properties, Evans blue dye (10) and Monastral blue pigment (1) .
Our findings show that dexamethasone reduces plasma extravasation produced in the rat trachea by capsaicin and substance P and prevents the potentiation of neurogenic plasma extravasation associated with Sendai virus respiratory infections.
Methods
Animals. A total of 122 pathogen-free F344 rats (10-12 wk of age) from Charles River Breeding Laboratories, Inc., Raleigh, NC, were used in this study. At the onset of the experiment, body weight averaged 247 g. To prevent microbial contamination, rats were housed in groups oftwo or three in autoclaved plastic cages isolated by a filter-top (Micro-Isolator System; Lab Products Inc., Maywood, NJ). These cages were placed inside a laminar flow rack enclosure, and all manipulations (feeding, cage changes, administration of drugs) were conducted inside a Class 100 laminar flow workbench (Stay-Clean; Lab Products Inc.). A separate facility was used for housing rats infected with Sendai virus.
Pretreatment. In the first set of experiments, 27 rats were treated with 10 injections over 5 d with 0.5, 1, or 4 mg/kg per d ofdexamethasone sodium phosphate (Elkins-Sinn Inc., Cherry Hill, NJ). The first injection was given in the afternoon of the first day, and the last injection was given in the morning of the experimental day. On the intervening days, the daily dose was administered in two intraperitoneal injections, the first at 8:00-9:00 a.m. and the second at 5:00-6:00 p.m.
In the second set of experiments, 22 rats were pretreated with dexamethasone for a period ranging from 2 to 120 h. For the 2-h and the 8-h pretreatment, the dose of dexamethasone (4 mg/kg i.p.) was given as a single injection, whereas for the 2-d and 5-d pretreatments, the dose of dexamethasone was given as two daily injections of 2 mg/kg each.
In the third set ofexperiments, six rats inoculated with Sendai virus and six controls inoculated with sterile medium were pretreated for 5 d with 4 mg/kg per d of dexamethasone given as two daily intraperitoneal injections. The first injection of dexamethasone was given 1 h after the inoculation.
In each ofthe three experiments, control rats (a total of61) received 1 ml/kg i.p. of the vehicle used to dissolve dexamethasone (sodium sulfite anhydrous, 1 mg/ml; sodium citrate anhydrous, 19.4 mg/ml; benzyl alcohol, 1% vol/vol; pH 7.4) according to the protocol of administration described above.
Inoculation of viral suspensions. Rats were infected with Sendai virus following a procedure described previously (5, 12 (14) . The Effect ofdexamethasone on plasma extravasation induced by capsaicin and by substance P in pathogen-free rats. The increase in the permeability of blood vessels produced in the trachea of pathogen-free rats by a large dose of capsaicin (150 jig/kg) was diminished by 5 d ofpretreatment with dexamethasone in a dose-dependent fashion (Fig. 1) . Both the area density of Monastral blue-labeled vessels and the amount of extravasated Evans blue-labeled macromolecules were significantly reduced by doses ofdexamethasone as low as 0.5 mg/kg per d (P < 0.01).
In control rats, a lower dose of capsaicin (100 jg/kg) produced a smaller but still significant amount ofextravasation of Monastral blue (P < 0.01; Fig. 2, left) and Evans blue (P < 0.05; Fig. 2, right) produced by an intravenous injection of substance P (5 ,ug/kg).
Plasma extravasation produced by capsaicin (150 jg/kg) was not significantly reduced by dexamethasone (4 mg/kg) administered 2 h before the injection of capsaicin, compared to that of controls which received only the vehicle of dexamethasone (Fig. 3) . However, Monastral blue extravasation was significantly reduced 8 h after the same dose ofdexamethasone (P < 0.01; Fig. 3, top) , and an even greater inhibition was observed after 2 d of dexamethasone (P < 0.05). After 5 d of treatment, Monastral blue extravasation was further reduced compared to the 2-d time point, but this difference was not statistically significant. As an indication that the injections themselves did not influence the responsiveness to capsaicin, the area density of Monastral blue-labeled tracheal blood vessels in capsaicin-treated rats that were injected with the vehicle of dexamethasone did not show any significant change over time. Capsaicin-induced extravasation of Evans blue-labeled macromolecules was significantly reduced 8 h after dexamethasone administration (P < 0.01; Fig. 3 Effect of dexamethasone on virus-induced potentiation of neurogenic plasma extravasation. Indirect immunofluorescence assays specific for Sendai virus confirmed the presence of the infection in the lungs of each virus-inoculated rat that was tested in this study. None of the pathogen-free controls was found to be infected by Sendai virus. Furthermore, none of these rats had detectable antibody titers to Sendai virus, rat coronavirus, or M. pulmonis.
Neurogenic plasma extravasation was markedly potentiated in the infected rats that did not receive dexamethasone (Fig. 4) . In evidence of this potentiation, a threshold dose of capsaicin (75 gg/kg), which did not produce a detectable increase ofvascular permeability in pathogen-free rats, produced a significant increase of both Monastral blue extravasation (P < 0.01; Fig. 4 , top) and Evans blue extravasation (P < 0.01; Fig. 4 Morphology ofthe tracheal mucosa. The tracheas of pathogen-free rats pretreated with dexamethasone were histologically different from vehicle-pretreated controls in several ways. First, consistent with the inhibition of neurogenic plasma extravasation by dexamethasone, there was less edema of the lamina propria and narrower spaces between epithelial cells in the capsaicin-treated rats. Second, there was a reduction in the number of globule leukocytes in the tracheal epithelium, a known effect of dexamethasone (15) . Third, there was an abnormally large amount of secretory material accumulated within the epithelial secretory cells of the dexamethasone pre- treated rats. In these animals, capsaicin did not produce the expected degranulation of the epithelial secretory cells (3) . These histological changes were most conspicuous in rats that received 4 mg/kg dexamethasone for 5 d.
After 5 d of Sendai virus infection, the most prominent pathological change in the tracheal mucosa was the presence in the lamina propria of patchy infiltrates of inflammatory cells, mainly lymphocytes and other mononuclear cells. Polymorphonuclear neutrophils were uncommon. In some regions, the epithelium was invaded by inflammatory cells, was disorganized, and contained some degenerating cells. In contrast, the tracheal mucosa of Sendai virus-infected rats that received dexamethasone did not have these conspicuous morphological alterations and resembled the mucosa of dexamethasonetreated pathogen-free controls. In particular, mononuclear cell infiltrates were rare, and the epithelial degenerative changes were not present.
Discussion
Effect ofglucocorticoids on neurogenic plasma extravasation.
This study shows that dexamethasone inhibits, in a dose-dependent fashion, the increase oftracheal vascular permeability produced by activating sensory nerves with an intravenous injection of capsaicin. In contrast to some previous studies, marked inhibition was found with doses of dexamethasone within the clinical therapeutic range. Dexamethasone also inhibited the exaggerated vascular responses associated with Sendai virus respiratory infection. Dexamethasone did not diminish the baseline vascular permeability to the tracers used.
Several studies have shown that glucocorticoids inhibit the leakage of macromolecules from postcapillary venules induced by a variety of inflammatory mediators (16) (17) (18) . However, glucocorticoids have also been reported in previous studies to have no influence, or even to enhance, plasma extravasation induced in the airways by vagus nerve stimulation or by the inhalation of irritants such as cigarette smoke (8) and hydrochloric acid (9) , stimuli that are thought to act by activating capsaicin-sensitive sensory nerves. Our data suggest that the latter observations could be due to the dose or timing of glucocorticoid administration or to the fact that the plasma extravasation produced by these irritants could involve mechanisms that are not glucocorticoid-sensitive.
Time course of glucocorticoid inhibition of neurogenic plasma extravasation. We show that the inhibitory effect of dexamethasone on capsaicin-induced extravasation first becomes detectable in more than 2 h but in less than 8 h and that maximal inhibition is achieved by 2 d. According to some previous studies, the suppression of responses to other inflammatory stimuli by glucocorticoids was evident sooner than what we observed. For example, Svensjo and Roempke showed by intravital microscopy in hamster cheek pouch preparations that macromolecular leakage produced by bradykinin or histamine is virtually abolished after 2.5 h of topical glucocorticoid treatment (16) . Similarly, Tsurufuji and co-workers found that dexamethasone produces maximal inhibition of serotonin-induced footpad edema in mice 3 h after subcutaneous administration (17) . Like Tsurufuji et al. (17), we found that a delay exists between the time of administration of dexamethasone and the subsequent inhibition of extravasation.
Differences in the exact timing may be related to differences in the sensitivity of the measurements, the specific vascular bed studied, or to differences in the mechanism of dexamethasone-induced inhibition of extravasation produced by various mediators.
Inhibition of virus-induced potentiation of neurogenic plasma extravasation. We have recently shown that the increase in vascular permeability produced by neuropeptides released from sensory nerves is exaggerated in the presence of respiratory infections due to Sendai virus at a time when baseline vascular permeability in the respiratory mucosa is normal (5) . Similar findings have been reported in rats with high serologic titers to Sendai virus, rat coronavirus, and Mycoplasma pulmonis (2) (3) (4) . In this study, we show that the administration of dexamethasone can prevent the potentiation of neurogenic plasma extravasation induced in the trachea by Sendai virus infections. We also found that the inflammatory infiltrates and the epithelial damage associated with this acute viral infection are not present after treatment with dexamethasone. This finding is consistent with the beneficial effects of glucocorticoids on Sendai virus-induced pneumonia in hamsters (19) . However, in our study dexamethasone administered after the inoculation of rats with Sendai virus did not prevent the establishment of the viral infection, as shown by indirect immunofluorescence assay.
Possible mechanisms ofaction ofglucocorticoid inhibition ofneurogenic extravasation. Corticosteroids are very potent at suppressing various inflammatory responses, but the exact mechanisms are unknown (20). In inflammatory diseases of the airways such as asthma, edema is a prominent feature, and it is suggested that beneficial effects of corticosteroids in this disease are due, at least in part, to the drug's inhibition of plasma extravasation (21) . Multiple cells may be involved in the edematogenic response in asthma, and most putative cells have been shown to be affected by corticosteroids (6) .
For these reasons, investigators interested in regulation of vascular permeability have examined simpler "models" in animals. We believe that neurogenic plasma extravasation may be an important mechanism for edema formation in inflammatory diseases, and we have shown that neurogenic plasma extravasation is potently inhibited by corticosteroids in therapeutic concentrations. Because dexamethasone reduced the extravasation produced by substance P as well as by capsaicin, it is likely that the inhibition is exerted at sites of action of the released neuropeptides and not exclusively on the release of the neuropeptides from sensory nerves. Because sites of leakage in neurogenic extravasation are in the postcapillary venules, the presumed sites of inhibitory action of glucocorticoids are cells in this structure, the endothelial cells and the pericytes. Both of these cells could be involved in the opening of gaps in the endothelium that occur when increased vascular permeability occurs. For example, contractile elements (22) in the pericytes may provide the force required to open the gaps, and this might be resisted by the production of proteins that maintain adherence of the junctions between endothelial cells. The fact that there is a lag ofhours after initiation ofcorticosteroid therapy and the onset of inhibitory effects on vascular permeability in the present study and in previous studies (16, 17) suggests that the generation of new molecules might be involved. Such an event could involve the generation of adhe-sion molecules in the junctions. Alternatively, it could involve the generation of inhibitory proteins that suppress vascular cell contractility (22) , as suggested by Tsurufuji and co-workers (17) .
In neurogenic inflammatory responses, we suggest an additional possible mechanism of suppressive action of corticosteroids, an effect on expression of an enzyme, neutral endopeptidase (NEP)I in the postcapillary venule. Neutral endopeptidase is a membrane-bound enzyme located on the surface of cells that contain receptors for the neuropeptides (such as substance P) that are released from the sensory nerves during neurogenic inflammation. This enzyme, by cleaving and thus inactiyating the neuropeptides, limits the effect of neurogenic inflammation on various target tissues such as submucosal glands (23) , airway smooth muscle (24) , neutrophil adhesion (25) , and vascular permeability (26) . Delivery of exogenous human recombinant NEP suppresses neurogenic inflammatory responses (27, 28), presumably by increased inactivation of the responsible neuropeptides. Similarly, we hypothesize that upregulation of NEP on specific cells will decrease their response to neurogenic inflammatory stimuli such as capsaicin.
It has recently been shown that corticosteroids produce a slow induction of NEP activity in cultured human airway epithelial' cells (29) . In addition, we have found that NEP immunoreactivity exists in the postcapillary venules of rat airways (Nadel, Ueki, and Piedimonte, unpublished observations). Furthermore, inhibition of NEP causes exaggerated neurogenic extravasation (26) , and the delivery of exogenous human recombinant NEP further inhibits neurogenic extravasation (28). We propose that NEP upregulation in postcapillary venules by corticosteroids could explain this effect of the drug on neurogenic extravasation. Confirmation of this hypothesis will require further investigation (e.g., in situ hybridization).
In conclusion, the results ofthis study show that dexamethasone inhibits, in a dose-and time-dependent fashion, the increase of vascular permeability produced in the rat trachea by endogenous and exogenous tachykinins (neurogenic plasma extravasation) and can prevent the potentiation of neurogenic plasma extravasation induced by viral respiratory infections.
